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ABSTRACT

The feasibility of an air data system based on the measure-

ment of the resonant fluorescence of carbon dioxide in the

atmosphere is discussed. The Doppler shift of the fluorescence

gives the air velocity and the linewidth gives the pressure

altitude.

A system using a tunable diode laser has been set-up and

characterized. Attempts to measure back-scattered fluorescence

were unsuccessful, but inelastic scattering in the forward

direction was observed. Mechanisms for this are discussed but

no firm conclusion is reached. A correlation technique

for processing the data is discussed and its accuracy computed.
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1. INTRODUCTION

The current technique for measuring the speed of super-

sonic and hypersonic aircraft is a modification of the pioot

static tube. One port senses the total imnact pressure of the

air and another senses the ambient static pressure. The ratio cf

these two pressures is then used to measure the :.ach number.

Another sensor measures the impact temperature and with this data

the true airspeed can be computed. The main difficulty with this

system lies with the measurement of the static pressure. This

pressure is very much less than the impact pressure and if the

static pressure port sees any part of the impact pressure, then

substantial errors occur. Changes in the apparent static ores-

sure do, in fact, occur due to the angle of attack and sideslip

of the aircraft. In addition, the pct is behind the bow shock

of the aircraft and the apparent strength of the shock varies as

the aircraft maneuvers.

What is desired is an airspeed sensor which measures the

speed of the air ahead of the shock. This air is completely

unaffected by the aircraft at supersonic speeds. However, no

mealio probe may be placed ahead of the aircraft nose, or it

will Interfer with radar equipment on the aircraft. A sensor is

required which can remotely measure the speed of the air ahead

of the aircraft.

A novel type of sensor is suggested which is capable of mea-

surin7 an aircraft's speed and altitude. The sensor measures

the Doppler shift and line width of infra-red radiation resonantly

scattered from carbon dioxide molecules in the air. The Doppler

shift zives the aircraft speed and the linewidth zives the pres-

sure altitude of the aircraft. Multiple sensors enable the angle

of attack and sideslip to be measured. Recently, tunable

,r .. - . .. • ... .-....... . , :.... i.. . . '.... .L



Report No. 4607 Bolt Beranek and Newman Inc.

semicoonductor lasers have become availa!e -. ith veri lo.w ccwer

consumption and they can be tuned to a very strong resonance of

CO 2 at a wavelength of approximately 4.3 P. The sensor is car-

able of measuring the air velocity a few feet ahead of the air-

craft at altitudes of at least 100,000 ft.

1.1 Previous Laser Doppler Velocimeter Tests

In 1972, Munoz, Mocker and Koehler [5] of NASA Ames and

Honeywell flew a carbon dioxide laser-powered Laser Doppler

felocimeter on a NIASA CV 990 aircraft. This system used a 25-

50 watt laser which required a large power supply and a heat

exchanger for cooling. The system worked well up to an altitude

of 10,000 ft and an air-speed of 500 kts. The system operated on

the principle of measuring the Doppler shift of infra-red radia-

tion at a 10.6 micron wavelength being scattered from naturally

occurring aerosol oarticles in the air. However, at an altitude

of greater than 10,000 ft, there was an insufficient number of

aerosol particles in the air to give an adequate signal strength.

Accordingly, at hi-her speeds and higher atltitudes, a stronger

scattering source than natural aerosols is required.

1.2 Scattering From the Air

The scattering of light traveling through the air can be due

to one of four mechanisms:

1. Aerosol scattering.

2. Rayleigh scattering (due to density fluctuations).

3. Raman scattering (stimulated fluorescence).

4. Resonant scattering (natural fluorescence).

2
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The first three mechanisms are all extremely weak and ony,,7

resonant scattering is stronr enough to be used for remote velo -

ity measurement.

Nitrogen and oxygen have strong resonant lines in the ultra-

violet, but no radiating ones in the infra-red where tunable

lasers operate. Only tri-atomic molecules have radiatin, resc-

nant lines in the infra-red. The three most common tri-atomic

molecules are carbon dioxide, water vapor and ozone. The ozone

lines are fairly weak and water is not nearly as common as carbon

dioxide in the stratosphere (see Fig. 1) [1]. Thus, CO 2 is the

best candidate for a scattering material and this has some strong

resonance lines at a wavelength of 4.3 1.

The CO2 molecules are excited from their -round state to the

0001 state when they absorb radiation at 4.3 u. This is an

extremely favorable transition with a cross section of approxi-

mately 10- 16 cm 2 per molecule. Thus, from Fir. 1, at 100,000 ft,

radiation at 4.3 p is attenuated at a rate of 1 per meter. This

line is the pumping level in the CO2 laser. The excited molecules

can decay in a number of ways:

1. Transition-to-ground state - radiation at L.3 u.

2. Collision with another molecule - energy transferred

into translational form.

3. Transition to a lower state (1000 or 0200) - radiation

at 10.6 Vi or 9.5 P.

It is this reradiation of the original 4.3 1 eneroy which
J

we propose to use for the measurement of the aircraft speed.

Kildal and Byer (1971) C3] have examined this process of resonant

backscatter in their review paper and have considered it to be

practical for the detection of pollutants, providing the arpro-

priate laser wavelengths can be found.

4.-° L



Report No. 4607 Bolt Beranek and Newman Inc.

00

LI

0
- ~ * N

2D C

'a'. -*4



Report No. 4607 Bolt Beranek and Newman Inc.

-he s ' ' eri- n - e ffi::enov o -' t.e oue 7ce. e'

tv the ra t io of t he t r a ns4icon nr cbtabi I-t - f r ratv &

kr, and the crobatilty for nonradiative decay throuh c

C . k is a funcz:' only of the molecule and is "nde0 *. <tg **f

temoerature and oressure; it has a value of acoroxortl-t'7

= 32 sec -  (Kilda! and Byer, 1971 3. k o the ether hand,

depends on the =olecule and other gases uresent as well as the

tencerature and pressure. Cheo (1965) [T has measured the

fluorescent decay in a CO2 laser at low oressures and obtained
values of L00 sec - for pure CO2 at 1 tort oressure. This was

halved however, by the addition of S torr of n-'roen. r__

has an excited level very close to that of CO2 and, hence, hel-s

stabilize it. Secuin and Carsweli (1972) E6] have -easured the

_urscence uo to 6 1rr (Sea level rressure' and ..ave "

ne pressure and constituent decendence to be ver,: conex. :

ever, t he nonradiave transition probability does Increase with

pressure and temoerature. 'He 'miht expect a value of 100,200 sec-1

at sea level and 2000 sec- 01 at an altitude of !f',' _ .he

scatterino eff1ciency I is Iiven by

S = .1% at sea level

k z 15% at 120,0CO ftc

1.3 The Laser Source

Over recent years, there has been much work on the develc"-

ment of tunable infra-red lasers (Yelnpailis and " ooradian,

1975) '4]. These lasers are made of lead salts such as lead toi.

telluride, lead gallium telluride, lead suihide selenide and

lead sulohide. They can operate over a wavelen7th range of 3-

30 '1 depending on the chemical ccmoosition. Fire tunino is

achieved by chanoing the temperature of the laser. The laser

5
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a_ nd __'qc s ab a~ n aan is 1 -

ev-oreel: fn- s-ce2rosccic detail. These lasers are e::ceeo-

nzlv small and ocera-e continuously at a current of a fey: hJudred

.illiamrs. T-hey do, however, reauire coclin- -C. _7 -

The lead s- lt laser diode system was crccured from Laser

Analytics inc. of Lexinoon, cmarsachusets Thi oanz S"Cs-

a complete lead salt laser diode system. This consisted of the

ref'ri:-raor, cryosta:, temperature controller, and laser con.

1.4 Resonance Linewidth

-e laser Itself has aver-7 narrow spectral wi of 3.....
The *.';-th of the resonance line of C.2 is -'uch ' rd deter-

.ined by two factors:

!. Doppler broadening, and

2. Pressure broadening.

The former is caused by the Dooler shift from the thermal

motion of the C2 molecules. :he broadening is 1% MHz for

at a temoerature of -550 C. The pressure broadenino is due to

collisions with other molecules. I- magnitude is about £ MHz

oer millibar of atmospheric pressure. Thus, at a pressure of

100 millibars we have a linewidth of about LV0 'M!Hz and at sea

level will have a linewidth of 4 GHz. It is this pressure broad-

ening which primarily determines the width of the resonance line.

Measurement of this linewidth will enable the altitude of an

aircraft to be measured.

" " -- , ... .. .... . ..r ' ' - V -" "zultt i ;, , .. -i' ' : . . . " :' .. .: . . ...
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1.5 Signal Detection

The scattered fluorescence can be detected in one of w

ways; either directly or by heterodyne detection. The direct

dection is the most straightforward, but the heterodyne detecCnr.

promises greater sensitivity. In heterodyne detection the scat-

tered radiation is caused to beat with the original laser outnut

to give noise free amplification. Heterodyne detection does,

however, have inefficiencies not present in direct detection

schemes. Beam solitter/combiner losses are 30%. Radiation is

scattered into other rotation lines and not detected (930 lost)

and the bandwidth of the detector is less than that of the line
of CO (90, lost). This oives an overall efficiency of only 0.2
of C2 an0" ovealsty)'2
at most. However, heterodyne detection does have the notential

for one to two orders of magnitude greater sens tivt4 v than

direct detection. An Indium Antimonide detector has been useA.

1.6 Operation of the Sensor

The laser is tuned to a 4.3 u resonant line cf the CC2. The

frequency of the laser is then scanned by a ramp, waveform, on the

current, which will drive the laser through the resonance line.

The output of the reference detector can be monitored directly

since the signal is strcng and of small bandwidth. This detector

shows a peak in the absorption of the laser radiation by the

reference cell of CO2, correspondinF to zero velocity. The

width of the absorption peak corresponds to the known pressure

of the C02 in the reference cell.

The output of the heterodyrne detector is treated a little

differently. It is first amplified by a wide band preamplifier

of bandwidth AF and then detected, or sauared, and intecrated

with a bandwidth Af. ThiS enhances the si.nal-to-noise ratio by

- J
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.. ./Af ver the ra '. si"nal. - heterdyrne deco:r

Dutu: is then correlated with the reference detector cutout.

The fre.uency shift between the peaks is

.238V MHz

where V is the aircraft speed in kts, and the atmcsrheric ores-

sure is obtained from the width of the heterodyne detector peak

and is

(16 p2 + Ad 2) MHz

where p is the pressure in millibars and Ad is the linewidth due

.o the motion of the carbon dioxide molecules. At a temperature
of , this linewidth is 1893 MHz. It would appear that the

.ccuracy of this technicue of altitude measurement would be 'oot

above 30,000 ft because the linewidth is determined more by the

Doopler broadening than by the pressure broadening above that

altitude.

The lowest airspeed which can be measured with this sytem

depends upon how small a fractional shift in the line we can

measure. A speed of 100 kts corresponds to a shift of 23.S MHz.

At sea level, this represents approximately 1/2% of the line-

width; at 30,000 ft it is 1 % and at 100,000 ft is it 12". Thus,

low soeeds are easier to measure at high altitude.
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2. CALCULATION OF SIGNAL STRENGTH

2.1 Introduction

This section discusses the sional stren-th -o tee:<ecte

for the detection of fluorescence 'rom carbon dicxide. :irs-,

we will consider the strengrth obtained by heterodyne dete~ti:.

of the backscattered fluorescent radiation. Then we wi o

this with the signal obtained by forward scatterin:. 'na"11,

we will consider which type of photodetector is most suitatie

for use in the heterodyne detection of radiation.

2.2 Signal for Backscattered Heterodyne Detection

-he most sensitive method for detectino the backscaotered

signal from the carbon dioxide is by heterodyne detection. 'ere

the signal radiation is mixed with original laser radiaoion and

the two beat tooether. Because a photodetector is a Scuare ia,;

device, the resulting ohotocurrent is oroportional to the s< uare

root of the product of the laser and the signal intensities.

This results in a noise free boost in the siena! level.

In heterodyne detection, the detector noise itself is not

relevant since the local oscillator can always be made strong

enough so that the detector is shot noise limited in the sional.

:he photocurrent of the signal, IS, is given by

Is = /PsP o
s V s PLO R~

where Ps = signal power

PLO = local oscillator power

R = responsivity of the detector (amns/watts).

The noise in the detector arises frrm shot noise due to the

0

4.°
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l -e r aP n I:. i - s i n,:s 1 S . The

nn

e.here = , 2har- n 'he elec.-c =I. - 19

,f = bandwidth of the system.

Therefore,

12

s s
12 e 'f

which is only a fur.ction c . the signal ne.er anJ n' .... .-- l

oscillator power.

Let us now square the rhctodee-e.cr .utnuar

( I I+ , 2
S+N ____+___

H T2

-2
-1 -
= + +

T T 2

If IS << I. we can drop the last term. Then,

2 P P,
= 2 i S e

N

:ow if we integrate the output of square, A": t e es --

..,idth of the intezratr. Therefore, the -,u-nu-

10
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4F R

e, us rz- :r, sie the s i-n ai o-wer t ackzcattered from
s

the :-arbcr:, 2iox-'de. Let the rec e4ver ler-s h-ave aradius r ar-d

et the fccal vol-i.-e te at a distance R~ fro-. the 1ens 2';~ 2>

- hen-

P~ -= L ex-L,'1

4,1-,M7laser -ower

. . . . .. . . . . . 7 --- ,- -* - ,

e-s rf "--? fl i n

&L

S

p rr

DETECTOR

FIG. 2. GEOMETRY OF BACKSCATTERING.
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'-.2
AL : coherent ,Joh o' _ _._ -

A = wavelen..., c' laser

hen,

This is independent of the receiver.

:;ow this power is distributed over the whole natural line-

width An, whereas we can only detect th-at art within the detec-

tor bandwidth AF. This reduces the effective power ty AF/An.

Hence, signal-to-noise ratio is

l2 P RAF-Vtk
: i00

XC *

For FO = 10C watts,

R = 2 amps/watt,

AF/A_ = .01,

Af 100 H:,

X = 5 x 10-6 M,

k 1 1 m_-

L = 1 m, then

30 or 15 dB

Alternatively if we are detecting spontaneously emitted

radiation from a black body, then froc Plancks radiation la_'
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SOhnA, at t s/et er/steradian
s 2 _ exp(hn/kT)-l]

where h = ?a•nck's constant x 6625 1 i0- 3 1 watts sec

k Boltzman's constant = 1-.3 x 10- 23 watt sec/de;r0 .

n,X = frequency and wavelen th of radiation = 7 x ::'1 W:,

4.27 im

T= temoerature of body = 300°K.

Then, P = 6.4 x 10-14 AF watts/meter2 /steradians.

For heterodyne detection, the product of area and szherica

field of view is determined by coherence. For a laser in a TE>C
co

mode, this product can be shown to be 0.9!8X2 For other mdes

the numberical factor differs sliohtly. Then

P = 106 x 10- 24 AF watts
5

and

[S2 3.2 , 1-- RAF:

Tor bo:;7 of these heterodyne she.-.eo w ..... .

with a large responsivity-bandwidth product and an interrator

with a lcng, time constant.

2.3 Cdlculation of Forward Heterodyne Signal

Let us consider a convergent laser team 1hal' an -le a' f -

ing on a photodetector of radius a and ccverinc- i 'Fi. ?. The

laser radiation is scattered by a C02 molecule and some of thls

radiation also falls on the ohotodetector. U ere the sca-tiered

and direct radiation beat topether to c:ive a he 'er , ct _

13
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2a

~ ETECTOR

R

FIG. 3. GEOMETRY OF FORWARD SCATTERING.

The diret beam power = P e:.:--L), where F initial laser

cower, k = a-tenuation coefficient, and L = path !en th throuTh

the air. 7he scattered team oower P e .oi(L) Ta2 /7R 2 x

-7 .. ., -.. an, That the

scattrln- center s at a distance . from the plhctodetector and

o is The scatterino cross-section.

:'cw, if the scattered and the direct wavefronzs have parallel

w ave for, ts " s w iI a -:--e x i "  ma h .

sl nal wlle te he square root of the orcduct which is

"--o e n..-k ? ? Rl, -.+a- .', An

where An = molecular jinewidth and A7 = photodetector tandwidth.

".-w we can write the scatterin- cross s-ction c as

14
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-.riere z-= that fraction of the absorbed ener'. iwnich- is scat-ered

an~d M=number of molecules per unit -.o lume.

,.7e wil]l now irnte~rate over the volumire of' the beam to C-'7a I'n

T:he total scattered beam cower on, the chotodet ector ;'s.hich- is

PO exo(-kL) 7a k d-Y,
47R' 7(ccR+a) 2

o kga_m
2

- -n---exn(-kL) J1d
f 22

R. Is the detector window distan~e which is 1.27 cm in cur case.

If the scattered waves have the same iwavefront as the dire2ot

wave, then the heterodyne culrrent ro. is

Fo 0 Ha exp( -k-")R ,

In practice the scattered and direct wavefronts are not ccinci-

dent.

The phase difference at a distance r off-axis i

The avera7e chase of the signal is

AA
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a
-, 1 2 0 r~

Tra +

-he averaoe chase of the whole scattered beam is

R, 7Ta cc a dR
: .Ri n  Xf R 2  + .

min

Tr a a + a
SRmin 2 R 2 .

min

= '2R-i n )

cr :he mean phase is that scattered from a disance cf twice

Ri . The heterodyne c au ren-s rroro.- - se ar -'s

equal to

P Ra exp(-kL) RiAF cos a + a,/2R

The depth of ' odulation is then divided by PO' . .ow, if we take

a = 0.25 mm, k = .010 mm, L = .2 m, g = 10 - 2, Af/Av = 102

Rmi n  12.5 mm, and a = .012 rads, depth of modulation :2.1

2.4 Ratio of Forward to Backscattered Signal Currents

This ratio is

c t s [ - t + 2 aci n

16

- - -- - - -- -
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and backscat-ered are comparabe as !on: a the abscr n

not too s:rcn:.

2.5 Selection of Photodetector

2.5.1 Introduction

The selection of a photodetector for the Laser Dconler Air-

speed Sensor must be made carefully if we are to achieve octimun
:erfcrmance for the system. F-owever, the figure of merit usec

'o compare detectors is different for whether direct detection

or heterodyne detection is employed. These furs of merit will

be derived and, as may be expected, a different detector is
ortimum in the two cases. There are he basic t,,es of de-

.ect or:

1. Thermal (pyro-electric or thermcrile'

2. ?hotc-conductive (current a ...-. t level)

3. Photc-voltaic (voltage ! "-h level).

These various materials are detailed in .able -. hermal detectcrs

are qulckly dismissed as beinc 7,'ch less sensitive than the other

types. ?hcto-voltaic detectors -ire, in fact, the most cro.n.sin-c

since they are much faster than ohcto-conductive t'.-ces. The two

materials with good sensitivity at the wavelen th of in-erest

(4.3 micrometers) are Indium Antimonide and Mercury Cadmium

Telluride. Of these, the former is an inherentl: quieter detec-

tor.

2.5.2 Detectivity

For conventional, direct detection the fi,re of merit for

detector is called its deteotivit- or D*. This is the -ecirrcal

17

q - 9 ,
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-i~ 'r.i r wea a n d u,- r ic,,% .d Zs *ne, aII

TABLE 1. COMPARISON OF PHOTODETECTOR MATERIALS.

Responsivity Reoe
Material Type jTemperature (R) Detectivity (T) /

iTS0 3  Pyrcelectric 298 0K 1.5 x10-6 amp/watt 1 x 108 150 n sec 10

,?e hotoconluctive 2L0
0
. 1.3 x 10- aMp/watt 1.3 -101" 25 w' sec 500

inb PhotovD'Jtaic 77 0
K 2 amp/watt 1 x1011 20 no sec 10,

Oe:Au Fhotocc-Auctive 77 0 K I x 10-2 ampIwatt 3 -10" 2 no sec 5 - 10

Ph2)t ~ otoczoductive 77OK amp/watt 100 252', n sec x 10,

Ph> ?'otcvcltaic 77 0 K 1.2 amp/watt 2x10, 3 n see 4 10,

(?hSn-e ? oitzaic 770K 2.5 amp,'watt 2 101" 1 W see 2.5 -106

-e det-ec-it , cvt' o e~em:t deter"'- inerdc

owvn internal noise or rv nose fn the ambient.II Iack- -- und
:-round 7 *mit-ed Per *ormance , -:L-~ -- roo t e-erq--r al e-

tecorsare 12imit.ed bythei_,_ intrinsic noise. K.:te f e

are cooled, thi-s decreases unti -hey tecome baol,.-rouno :moeo
7heref'ore, most, dctectors are cooled by '1qu-d -*~e n order

-o obtain BL?7p, even thou--h they w4111 orcerate at room temrera

,ure.

:he 3?can s7till varv between detectocrs since itcan,- ,ar,.,

w*- -he amount of bac,-:7run'~ hat the detector sees. o

et.tctcn

em ere -< re~
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- ev: are ess Sens-'~ o~e~>e'
dJe eco:r ha :F C n e 7-'''. -e~ve

e. D'or nD s er si ie -ia~ %- s- - -

f n ere s i

ACld Fil 7ter can c laced over e dee

its sPectral response.

A odShield lim1Is the field c~-1-~.

Detect.or is ma- de as Small

e e1 e -u v ~ler t to 10 -16 w-1at ts o f S17na' d

2.5.3 Heterodyne detection

Sec. 2.2?, the discussion o eecvedeoci
show, n Th-at the 4motn 1aar~' 4r~au''

of the cn-ct-odetector .%as the nroduct- -:t-fsoniiy n r

~anw cdn o the de-tr here 're , we ara e

2.5.4 Local oscillator power

.heterod-Yne detection, the crocess fs shot, n semtec

orovidcr that -,he local oscillatocr IS strono- en=uch 'hat it-s ow\n

shct' n)i'se dominates all o-ther noise In the ohotcletector.Ths

s ,rces are:

1. ?-ack-round or dJetector noizse as lescr I-ed h

ietectivity o' the detecto--r.

2.Preamolifier nocise.
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_-el ur-~e are --ve "_n -_ -e

TABLE 2. TWO HETERODYNE PHOTODETECTORS.

Indium Antimonide Mercury Cadmium Telluride
(SBRC) (Honeywell DLK146)

Detectivity (watts cm Hz) 3 x 1011 2 x 109

Diameter (mm) 0.5 0.375

Bandwidth (MHz) 20 100

Photodetector NEP (watts) 7 x I0 -10 1.8 X 10- 7

Amplifier NEP (watts) 2.2 x 1 I x 10-8

Responsivity (amps/watts) 2.0 1.2

Local Oscillator Power
Minimum (milliwatts) 0.15 1.4

Responsivity x Bandwidth
(amps MHz/watts) 40 120

.... ' ncron bet,;..een detecor noise c'-, -5-n

n.ise is sometimes a little diff icat to maI:e. ..e ..e t

wid:hs used for heterodvne detection, no detec ... IS tackorcund

n-ose 7- .- ed, but rather limited by thermal or Johnson noise

menerated by the impedance of the photodetector as seen by the

preamplifier. The lower this imoedance the 7reater the noise

ecuivalent power. The performance of Indium Antimonide is deter-

mined by its junction capacitance which is about 120 nf for a

- detector. In the case of Mercury Cadmiu Telurde, the
unction capacitance is about the same, tut the dynamic impedance

-ia--,.e thea deeco Uea very

is very low, about 30 ohms, which makes the detecor apoear ver,"

noisy. The penultimate line in Tabe 2 details the local csil-

at -r cower reauired for shot noise iimit-d heterodne detection.
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o ' . m..ztso _r J n: i.onide. 7nder t- :- -- a

2 s no:1 e,,~- e toiat mor c nn a few h und4red icrcow.atts -f '1

osci lator ower .ill be av-,at- froc the diode lazser an4 tnere-

ore sho, noise c:... I.n coculd :t e tained from -he .eroury

'admium uride e-ec - .

inaliy, laser noise -a,. orevent shot noise ' mited o

.c n of e . -.--hs ncise increases oor' -

ith la ser cower an, cannot e ,v " -

2.5.5 Choice of photodetector

4or direct detection of infrared radiaticn. wih a wavelen-th

-7 ! -T m-cro m eters at frecuencs-e be low o zc o hotovoltaic

in dum Antifmonide or .hotocondctiveMer y Cadm.ium Teluride

detectors are the most sutatle. For heterodyne detection,

photovoltaic Mercury Cadmium Telluride detectors have the best

fioure of merit, but the opal oscillator cower required is more

,,an we have available. Therefore an Indium Antimonide detector

as s used in b-h cases. One was procured frcm the Santa Earcara

Research Center, along: with two matched preamplifiers - one for

low frequency direct detection and one for hiz-h frecuency hetero-

dyne detection.

The data described here are based upon commercially available

detectors and does not necessarily represent the ultimate state

of the art.

%4
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3. CHARACTERIZATION OF CARBON DIOXIDE LINES

Carbcn dioxide has three :odes o_ .... toon. .-:nce -

linear r7o lecle there are ' 71e.

a. metc mode '10) - carbcn a'Im is st-icnary

a no dne ox ye ns -. o,., o pnvs 7;e ao'~' 4
-

line of the molecule.

Bendin., mode (dec<enerate 01-) - The oxycens 7ove to-

z-eth!er, oercendicular to the line c - the -ce

. .Asmmetric mode (C01) - One oxvyen and the carbon -ove

one way and the cother oxyen moves in -he oposite

direction in the line of the 'olecule.

S ~ 00

100 010 001

FIG. 4. CO, VIBRATION MODES.

Since the first two modes are symmetric, theY cannot have any net

electric dipole moment. Thus, only the O1 mode can be excited

by an electromagnetic field. It is this mode that we are employ-

ing in this study. This mode has a natural frequency correscnd-

in to a wavelength of 4256.7 nm (in vaccuo).

The spectrum is complicated, however, by the fact that the

C02 molecules are also rctating and, since a ohoton contains

annular momentum, the CO2 molecule must also chanroe --ts annrular

momentum when it emits or absorbs radiation.
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-he rozat-cnal tinezic ener-y, E- of the nolecule i

SJ(J+l) - DJ 2 (J+I) 2

where h = Planks constant, c = sceed of !ight,

J = rotational auantum number,

= -nh 27994 x 10-40 0.3895 cm - for CO,

Tr ClB in ground state

I = momnent of Inertia of the molecule

D = stretching term due to centrifugal force= 3/p 2 2

= natural resonant frequencv of the molecule.

However, in ,2 2 the tco2:zc spins are zero, and symet rY

rules then require that zdd values of J are forbidden. There-

fore, the selection rule for any transition is AJ = 0, ± 2.

However, if AJ = 3, the angular -oi entu:-i t he e:i ed or atr ed

photon is not conserved. Therefore

AJ t_-

If AJ = -2, the transition is said to be in the P branch

and if AJ = +2, it is said to be in the R branch. The wavenum-

bers in the two branches are (Herzber7, 19L5)

P(j) = - (B'+B")J + (B'-B")J 2

0

R(J) - + 2B' + '3-'-, ")J +
c

where B' : 0.3366 cm- 1 and E" = 0.3395 c -_ are the rotational

jh -
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rota tioal I-,ant u- nunter Dft: !he low. er s, a-e T e sp --a,. I te z,>.

marized as

2349. + .-76! m - . 00 _2 -1
C

where m = -J for the P branh and m = J+1 fcr the R branch.

The intensity of each line is determined by the ropula-::rn

of the initial state. This, in turn, Is e-er.-ned :v e ther -ma

3oltzman distribution. The P and R branches arc s'.,=.etr_'ca_.

This :ives rise to the familiar "butter'ly" which is iusra-ed
in Fi . 5.

R BRANCH P BRANCH

FIG. 5. CO2 BAND.

The population of the J level ".(J) is oiven bT

N(J) (2 +l ) exu(-Ej/kT) for J even cnly

(2J+l) exp[{-J(J+l) + .0037J 2 (J+l7}' -3 =.. l

at 300 0 K.

This has a maximum for a J value of approximat e'_ 7- at ...- m

temperature (?C0O°2

i ,
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-!he ex a c fre auencles t-
.. a 2~a:ulated a-d ae -irenI -4 ,.,e,

TABLE 3. WAVELENGTHS OF P BRANCH OF 4.25 BAND OF CO2.

Wavelength (pm)
d in Vacuum

0 4.2567

2 4.2595

4 4.2624

6 4.2654

8 4.2683

10 4.2714

12 4.2744

14 4.2775

16 4.2807

18 4.2839

20 4.2872

22 4.2905

24 4.2938

26 4.2972

28 4.3007

30 4.3042

32 4.3077

34 4.3113

36 4.3149

38 4.3186

40 4.3224

The laser diode has been used to identify as many cfI the CC2

lines as possible and measure their strength. he results are

shown in Fi,-. . Laser 4c. I was tuned -,- the ra..,e
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"7 t o P F ('39-1e De k e a £ r ' C.' cI cr u r. ,: 2.

would have expected a reak at P o , since ...E. couli

identify the center of the band, we have had to rely on --he

absolute wavelen;tn to identify the J number. 7ihs has an errcr

cf ±2 nm or ±2 in the J number. Thus, we could be in errcr by 2

in the J numbers assioned :c the lines.
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4. EXPERIMENTAL MEASUREMENTS

The nain c-urcse of this crora., :2 : .easure he resc Z-,

flucresCence of carbon dioxide in the . v:. band. This -'an t

done ty one of three techniques:

eterodyne detecion.

3. Heterodyne detection of the back'round.

The experimental arranoements for these three techniiue s are

shown in Fi:-s. 7 - 9. An ' d " - - '

by liquid nitrozen) was used for the reasons :-iven in Sec. 2.

The Laser Analytics Laser Cold Head was nounoe. on a ..ewrncrt

Res earch Jor-,raticn ?tial_ realboard, 2 .t . The head

was moun-ed on rosts s -hat the laser dioe "-.aZ I in. abore

.able. The whole occzical system was then kect a- this heih .

This rreatlv eased the aliznment. The laser output beam was

7uite narrow (1i0 mrad divergence) but at an odd angle -o the

ort2i axis. Accordinoly, the outout is collected Y a 1-a-n.

diam f'l- lens made o 7 rtran 2 z-nc sulohide?. This is an

asoheric lens and is available from Eastman Koda:. This then

-collects the laser output frcm wherever it nay be. Calcium

Fluoride lenses and a beam solitter were used. A lead selenide

detector, which is thermoelectrically cooled, is used as a bean

monitor and an Indium Antimonide detector, which is cooled by

liquid nit ro-en, is used to detect the simnal. This latter

detector has two associated Dreamplifiers; a high gain one

(52C V/wwatt) with a bandwidth of 10 kHz, and a high bandwidth

one (20 'IHz) with a lower sensitivity (,.70
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4.1 Direct Detection

--he 'rS in-', :Ar'irtrride( d-t ette wa a'2oot at

the 3acze re~f cn as the 1laser :,.as fccusej.Th n:oise ecufT7-n':

owr c,,'o the det:ector '-ad been ~ -~d o the mnufa --

turer as I.:?-sHE cr1 7:.1-

tandwidzh. Such low values were achieverd tecause on-e det ecto

had a 2old aoDerture in fr whfch restrocc_-ed ots r eld of ve

The- row. er in he laser bea w--a-_s measurer w..ith th1e 7t'e

(Lead Selenide) --.o:tte laser -in odor- mode,asoa

of -'. Volts was obtairned. The man-ufacturers -,urted sensiftiv-:-.

va s m wacat L.2 j- wave lenz-'. _hi imr T1-s a beat . oe

of i 10 wa t. :vw the _0o7lecting7 lens steera sclia,
of '-.117 steradi_4ans and, hrfce collecoed 11of Sa-rl

r~adiat:ir.. d eo-th-of-field o f . " can be exoected fo th--1e

D2.2 mm etector. F o' 1,_,r a-toenuatrlor coef-ficiert of 21 m

'2 2 sscattered ir. 0.3 mrm. Further, as dlscussed in Sec. I

at, anbient cressu re, cnly 0.0of the absor-bed rad ia-ti-on Is re-

radclated. Cc7mn!- al these factors, we obctain a,2n estim.ator

siz-nal streng7th of .,ja t t s

This sicnai is one-fifth the estimnated ncise voll-a*e c

o _ 0- wttS. Accordingl-y, it is not surorisino that the

result s of this experiment were nec-a-,,ve and no sioonal could t,_

deteote.

4.2 Heterodyne Detection

The exoerimental arrang ement shown in Fig . wS et -

:he wide bandwidth preamplifier was used. This had a noo*se

e,-ulvalent rmow.er f . 22 __ 1 ; watt_/F: or 1.7 z ~ ~ s

for a 2C a3 bn dw.i d th. T his *.;ia s c a ss ed hro u a
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a w. . a "

-r C *., - a'

he 'Iase'- was czarr

An ofi setec c r was ibac nto na-,or seroes

.~.ioesb~t':"een --hem. 2 e thi sI sn no- c

-~ ooo~raroardo. ocants L: in*-:~o I ece xo

-- h-? sa-e ton-e as a CC2 ,-' e d- t,. h

,end detector h i s h e n oas a 4~~ taeo

.'I- th e detecto-r nocfse oncreasfn7 as -:h "ni'4- -ad

diecrease d !:t o n absorotoo .ne. S1- cIse '_no oe r _Se s

on 21ent ' radia _ on decreases. nus here roust be sc

or c d c n:: o h4 thi cnoise .

The Statistic of the nos w.,ere exaaoned Cr. an 5.

he laser node swoton consi-sted of soi-'kes Dr stu_,are -ulses

10 ;isecs or so duration. The ncise on, the -02 atsOO""cn -.--

quite different. 7:t was "white" wit h a banrdwidth, of that of_ the

detector anor a '3_aassiani amoltude dist'ritut_ on. -- s a u

f orm we wudexcect a heterodyne sionmal -o h-ave.

The orucial test th.at this nooIse was lie to the ca rton

cx~dde was perfoDrmed ty_ _~- a 7a cel -e,;- "n

and "Ihdtetr her the c ell m- was3 ea cc:ed,. h
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FIG. 10b. PHOTODETECTOR RAW SIGNAL AND DETECTOR OUTPUT (Too 0.2 V/cm,,
Bottom 0.02 V/cm).
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.hen weakenei unt - it ,isanceared. n reventino t a=ts-
phere it rearceared. A-,ain, this time at aosrheric pressure,

the cell was flushed with helium. Acain the noise "turst "

disapceared. Condirions in the gas cell cculd not possibly

a::e- the laser mode switchon and, therefore, the ocise has -c

cr-iinate from the :,as in the cell.

This noise from the C 2 could be due to one of two orocesses:

a. :Ioise inherent in the abso o-t ion crocess.

b. Heterodyne beatin of fluorescent radiation.

The noise inherent in the absorption process can consist of toe

followino nechanisms:

1. ?-hotcn noise due to fluctuations In the atsoro-icn

rat e.

2. Carbon dioxide density7 fluctuations.

The laser bear is made up of discrete ohotons. c. c or d -n ,

there are fluctuations in the arrival rate of the photons and

this appears as noise in the output of the photodetector.

~ -kL
F e-

Arrival rate of photons - rer unit time- ~hv peuntte

where h = Plancks constant and v freauency of 'laser lht.

Noise due to variation in arrival rate =

cer unt tine.
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-- he d etectcr has a n of if --he rms noise is

12P 0 e kL

A: the same time, the absorption of the photons is a s:a:isi'

process which generates noise similar to the random arrival rate

of photons. This rms noise is

P (1-ekL

K0 v
:he sum of these two noise mechanisms is

--h-2

which is the noise from the unattenuated beam. -hus, the photon

noise is independent of the absorption by inter.ediate gases.

The fluctuation in the number of molecules in a volume which
1.

on the average contains ' molecules is 4;. There are on the aver-

age about 1015 carbon dioxide molecules in the laser beam at

ambient pressure. The fluctuation is 3 x 107 or 1 part in 30

million. Thus we could expect noise on the CO2 absorption line

of 3 parts in 108 due to the density fluctuations of the CO 2.

This, however, is much smaller than the noise which has been

observed.

V -3-
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2 t Y:02 7

Havin ruled out noise due to the absor,.tin tros, ....

musr conclude that the noise is due to heterodvne detectimn cf

radiation emitted from the carbon dioxide molecules.

tion has been 4 nelastically scatered by the molecules.

had been elastically scattered, the bandwidth would be a crci-

mately co/X, where c = mean molecule velocity and a = team corn-

vertence and this is approximately 1 MHz. Further, it woulf b

independent of pressure.

:he o.nly difficulty, with the suggestion that we are d-te -c-t

in, the fluorescence siinal is that it is about 100 tlimes s-r--=e

than that calculated in Sec. 2.3. At this time no exclanati.on

can be ziven for this.

The relative stren-ths of the forward and backsca.tere

sinals were evaluated by placinr a 7as cell in the measurin<

volume of Fi-. 8. Then as the pressure in the cell was :um,ed

down, the linewidth of the backscattered siznal would be reduced
whil the forward scattered signal, due to C near the detectcr,

is unchanged. :Io change in the linewidth was observed, indicat-

-o., that the signal was primarily due to forward scatterin2r.

-his was confirmed by the fact that the sensor was most sensitive

to C2 close to it.

-imp i ed Fcrward Scattering

From this stage on a simplified arrangement for the forward

scatterino was used. This employed only the sinrile f/l lens

which collected the laser diode output and focused it onto the

rhotodlode. The 7as cell was placed immediately in front of

the <hot;dI~de arc could be evacuated.
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Fi 7ur e - _-' cw a.-.

scanned ohrouoh a CO line. The ucoer trace is the hoodode
2

outout in the 3 - 20 "Hz ba.dwidth. The "burst of no ei

clearly seen. The raw si nal-to-noise ratio is about 17 dl_ .. Te

lowest trace (inverted) is the crystal detector outout and has a

signal to noise ratio of about 50 d2'. The laser o _nc'dent

on the ohotodiode was aporoximately 100 1iwatts.

Figures i_ and 12 show laser scans at a temnerature cf IK+v

from 1.25 to 2.0 amps. These were uerformed at ambient oressure

(760 m-.HP) and 47,000 ft (100 mm Ho). Strong =ines are seen at

1.50, 1.60, 1.88, and 1.98 amps. These corresoond to lines

P(2L), P(22), P(20), and P(18) (probaby). The spacino between

these lines is aoroximately._ 5 L . from Table 2. There is also

a very strongo peak at 1.63 amps corresponding to the laser

changin- mcdes. At 1.50 amps only one mode could be measured

during the calibration whereas at other currents, two modes were

oeneral7y present. This may account for the sional at 1.5 amps

being so strong. In fact, there is generally little correlaticn,

between the strenfth of the absorption line and the "heterodyne"

sonal. This is probably because the "'eterodyne" efficiency _s

a function of the spatial mode structure of the Laser. This is

most unifcrm when the laser is operating in a single mode. Th-

deed, a very strong si-nal was obtained when the laser operated

at only one frequency.

The "P(22)" line at 1.60 amps increases in strength dramatic-

ally as the CO2 pressure is reduced. This effect was repeatable

and not due to a drift in the laser. The heterodyne sienal

strength is proportional to

.71k eX,(-kL) 
P

+'" An

35

V.A r..
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where '- = scatterin- efficiency a(rressure -'

k = absorption coefficient a cressure

A? = detector bandwidth

An = natural linewidth a pressure

Thus,

,= a n-1 exp(-p)

where p = pressure.

Thus the signal will increase as the pressure is decreased.

The reason not all the lines increase in strength as the

signal is reduced is probably due to "saturation" of the strcn,-

atsorption lines and only the weaker lines increase.

it will be noticed from Fis. i an-_- 1. that the scan a7

100 mm H r produces substantially narrower lines than does the

scan at ambient pressure (760 min). The scan rate of the laser

is approximately 50 GHz/amp and this makes the linewidths

approximately 10 GHz and 2 GHz, respectively. This is substan-

tially treater than the 3 GHz and 0.5 GHz expected. However,

this is probably due to the strong absorption of these lines

which "saturates" the center and makes them appear wider than

they really are.

4.3 Problems of the Fluorescence Measurement

1. Signal

As has been described above, extreme difficulties have teen

encountered In attempting to measure the fluorescence o at.os

pheric carton dioxide. These difficulties have arisen oriar:§;

frcm•
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a. The low level of the s inv v-

b. interference from atmospheric 2arbnc d-x*de lo

interferometer.

The signal is very weak and even if our detectcr has en.uth

sensitivity, we would not see the signal because f the for.ard

scattered sig-nal from other carbon dioxide in the interferomeoer

would mask it. This problem might be temporarily solved ty

usinn .otrous Cxide ("I2C) or C 1O , for the fluroescence ontead

f1 2-,, Nitrous oxide has a band centered at .57 and

C1  
2 a band centered at 4.3S$l compared with 2  a bani cent::--

at . Typically the R branch of C20 will overia.o t,e F
2

branch of 0"32 and thus a diode laser which can measure one can

.easure the other. Further, since the freauencies are not

identical, they can be distincuished. Finally, orly I. c' natural

carbon dioxide contains 0 13 and hence interference from natural

0Gn will be small. This technicue should then distinguish

between the fluorescence of the C130O in a sample cell and
2

ornard scatterinE in the atmosphere. However, it is

not a practical solution since C02 is rare in the atmosphere

and if it were not, it would cause interference.

:y comparison with the back-scattered signal, the absorption

signal is very, very strong. The absorption could be used by

placing a solid object in the flow and reflecting the radiation

:rom the diode laser from it. This has been done, using a wire

several feet from the laser. the scattered light is collected

and focussed onto a photo-detector. Indeed a very strong-

sienal was obtained. The problems t ths technique are
two-fold :



Report No. 4607 Bolt Beranek and Newman inc.

2. does: ,Iur I

averaze c,.er 7 1e i The r a d ia Icn

has ra st:-d

An alternraX lv- s-

infr'a-re1 radiat:&-*r, ............ sm -. ±e

u.sed, then 'The f L-.-. .~: a. ::'u 1d

n, 7easure sir--

.hus this I<e::e> ~ -.. ~
:Dr any c rac_ La 1 -~ ~.
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S. CONCLUSIONS

~Catte=.cs to m7eas:u re flu.oresce&nce ~

per2carbor iioxlde a: Iri'ra-red waveleno--hs have been

-unsuccesful.! :here is somne evidence o: lowr nelas:

s attre r _ng- in th'-e forward d i lec t i~n 'Mowever, we have rever

seer. any scatterin-- In a:,.y other directiorn, but , this may be

due to interferen~ce from forward_ soatterin,- produced tv

azmosohevic cartor. dioxide. :his interference could beso,-

b y U s-5ng 1 3 o as a fluo res cin:- medi, bCut this wc_ n
pract ical solution.

T.me .-eason that the fluorescence ls so oifficul- to ie~e_

is due crimarily to the strervt--h of cmzeoro mecrna

~~o~sao wit- itoc and other 2arcn jtioxiae 7n-e ,

and -tne low oower of the solid stEate dcoe Laser . wa-cs .

These -.7-ve sign-als levels low ernouoh 'chat soh tctdslional

crocess'n- scnemes have to be used.

:-he complexity and reliability of tne laser :o4oo_-e syst-,em-

s-lll leav;e muon to be de-sired. it is di'fCltt envo--sar:e

sucn a larg .e and bulk'%y system being Installed o'n s~l-_' no i-n

3=rformance aircraft. The diodes themselves --r:euneo:,

n-av.'lg finite shelf lives and dezraodon: sfth u.ses . T-hese

problems may well be solved in tine, but thI-ey ha.ve -a

:h -eera cnclus.z~on must be that, -thre -.uz tea<mlr

'ess exo'ic method fo r measurIng- -air data. !I was s-1a,-c

t'ne Introduct_'on that the problem with a ioca'I sve

is the measurement- ol the static, pressure, not the oclhi

-~~~~' L .. A
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:'.=ss ,:=.~~~~ aL c':":.h '. v '' -l a l resu ss. ! is h

s;ati o po r orts that ae o sensitive to osition on the

airoraft and :o aircraft maneuvers. Therefore, what is needed

is a better method for r-easur n = the stati pressure.

jA.A is -ttLmcing , achiev.e this .;i :h their "Shuttle

Entry Air Data Syse o7 ns:s f 2 e. o Srr

taps around the nose of the shuttle and c:mbines the pressure

readig. wi t th e aid of a co uer) to 7ive the air data.

The croblem with this "t..chnicue Is that i- is very dependent

ot the shape of the aircraft nose and requires very extensive

calibration, which then would have to be repeated for a different

nose shape. However, the technique does give very reliable

results and all the air data required, with only a odes- degree

A possible solution for aircraft Lii s to use

a wing-tip mounted probe with, for example, fi.e indecendent

cressure torts. The tic of the probe would be a well defined

shape, for examtle hemi-sphericl and the pcrts could correspond
to frontI, too, T coton }*ft "ino4 rt---------:o "rtwuo o{e

tne static pressore, bt by rat-iing the side pcrts with the

r nt tort, the total and static pressures can be computed. This

would require an air-data computer, but so do present systems.

-t .;culd also yield airsteed, altitude, and angles of attack and

sideslip.

_n conclusion then, a Laser Doppler Airspeed and Altitude

Sensor 4s probably not the best way for the A-r Force to A.ee .

nather, zhio-1 -,at adatn ofte ictDnU >>?cSo.

be considered, WIt.. 1 4 7 e ind.ependent pre sure ports.

* ~ ~ -
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APPENDIX A: SOURCE OF FLUORESCENCE SIGNAL

-ossitle source of ,re oserved fc';ar S...

si nai is s-onzaneous zara-=e-ri. . -_res-r.e. n.~z .... 1>ar

onenomenon c-ires a sizrnal :haz 4Z ii 7a .r.. -c rionar n ae

inpu: rower. zurheCe ra difin f s e 7iI-zed a

Ca naroinin aiTn " forwar d 1rec i -e e a

nhe nonllnearity 'as not et teen f e f* :ed.

A.1 Anomalous Dispersion

ron 3orn and Wolf (70, the refrantve i n.e:: .

near a resonance at a frecuenc% ': o a:e .. resen . a

2 2n --

2 +2 2 __n + 2 )-i I

where '4, e, and m are the numbe r oer •n" volume, the ch" ee

and mass of the elecorons. fow for a cas n ! and thus

n 2 + 2 3. Further, for L =w + 6w, .;here is sma'

2 _- - >!ee2 /W
2m5w - ig

:;ow, if the ceak abscroion em unit I e.. = a n tn.e fnewi ah

s ', we can rewrite the above exoression as

n2 2k

,he......avenumter of the radiation. urther, f
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6n - -

2a7d iss t- e- eough, th o f uo velccity ic cbL'c y

or evern nei-ato-ve. -However, 'under th:ese conditions It no -"oncer

corresoonds to the speed of transfer c: enerc-, an~d thus

c au.sality- Is not; violated.

The re~rion of the absorrtion snectrum, where the 7roco

-eircity is greater than the phase veloc-ity, is referred to as

anomna-Lus diszersio.

Typical values for atmospheric carbon dioxfide are

5 In am ad 41 w 4 x i 0 9 Thus , 2 E/2w (xi 37 sec,', whi ch
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-, D rnmpar abe wz ro re2lro cal1 o f tn e L, e eo c: i:7ho.
-c ressures when Lw= x 1 r. n ed "rl e03m cr

zrouc velocity to become infinite.

An inf ini'te g~rou- velocity means that ;wavez o)f diffe'-n-

frecuencies have the same wavernumber, th,-at is :e are -onase-

matched. This means that, given a nonlinear mecnanism, there

ais the possibility of frecuency conversion, and thiss would -,a,-

r-lace over a bandwidth ccoarable to the resonanCe ba-nd*.;-idt-

A.2 Spontaneous Parametric Fluorescence

--his -chenorencn was first observed in the late 1950Cs. When.
a monoc.-romatic plane wave pcrouag-ate s througrhannlermet,

-.wc other waves- of lower frecuencies are :-enerateLJ The& -he-'r

of this phenomenon is given by Yariv (l97:7). Far amtri

fluorescence is unusual among nonlinear effects in ohaz tohe

fraction of power that is converted from the ___i ti L- pumc beam

into the fluorescent beam is independent of the intensity of

the cumr beam. It depends only on the nornlinear coefficient

of the materia~l and the distance that the pump beam travels

throuzh the medium. Tile fluorescence onl take plce in--i

case, in the forward direction, because that i3 the direction

in which the phases are matched.

Yariv (1975) quotes the fraction of cower F 2, which is

changed in f-requency as

2 T rze
P3
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S 2 7
2 

a

wnere :1 is a nonlinear interaction coefficient, 6 the collectiCn

a_ he interaction length,

dk\ dk A
dw 2 dw
W 2 0 Wi 0

where w 20 and w o are the frequencies measured in the direction
of the initial wave P and a = k2k3 /2k 1. Is-3 2. In our case , k E: :k3:

1. x 10 m-'and kio m-  . ence, a,!01IT - I and

' W 2 a e 2 /b

and the power per unit bandwidth

P 2 a

or

25 0.0006KZ on a 20 MHz bandwidth.
3

Note that although this is a nonlinear effect, the fluorescence

is linearly related to the input power.

The value of K is given by

hk k 4 n d 2
12 2

(2Tr) n n3  E 3

A- A
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where h is Plancks' constant, ni , n and n3 are th....

indices z i, c is the electric cermitivity of free sace, a

d is the nonlinear -art of the electric permitivitv in the

expression

P = X E o + dE2 +

where P is the polarisability, X is the electric susceptibility,

and E is the electric field. In general, F and E will be

vectors and d will be a tensor, but we can ignore this in a

-as. Then

K - 2.5 x 1022 d2 MKS

Exrerimentaliy, values of P2 3 =l -ave=-
for a value of = 0.15 m. This would recuire a value c-

,01 2  sec or a value of d = 13 -1

This value of d is however very large compared with that

generally found in solids. There the value is typically

0.3 x 10-22 MKS (Li ibO 3

A.3 Nonlinearity Due to Saturation

The dielectric constant E is giver. b

1 + X

For carton dicxide X z 1 --]

Let us suppose that there Is an I n a .. .' _

watts/m, then

E2 2 = Wz v -.
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where z o = i-,edance o: free s-- ace '7 " yr cw-

densities in the experiments ,.formed are uru, .

and, therefore,

200 volts/m

-y any standard, this is not a strong field. towever, because

carbon dioxide is such a strong absorber, even this weak field

can produce a significant nonlinearity.

Let us suppose that there are I carbon dioxide molecules

per unit volume, each with an absorption cross-section of C,

for photons with a frequency w.

Absorption per unit distance = N

.Tumber of excited molecules/unit volume/unit time - hw

:.uc z
.Number of excited molecules/unit volume - hw

where T = lifetime of excited molecule

Fraction of molecules that are excited -
hw

2

h z0

:1ow, the electric susceptibility is proportional to the number

of molecules per unit volume. Hence,

X X (l - z

A- K
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Ta.in ,- sec,

Th.us, fbr a field of 200 volts/n, the suscelpt4 14 ty 4 reduce-d

Lva factcr olf 3x1
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APPENIDIX B: SIGNAL PROCESSING

At s * nal -ro ces --lrz s cheme is n.resenzed lier.e for the me asr-

ment of the airsoced and altitude from the laser Lootlr ser:--

7 rc tie-s is Zeo -_n ru~
second mocments of a cross-correlation funcmtion. This can be

done wdith currentl;-y available A/D convertlers, a micrcrrocesZ: r,

and very largre-scale integrat ed muLS2 multiplier and aocumul'at:r.

The expected performance and imnlemerncaion are drscussos here.

:3lven a 30-dB peak signal-to-noise ratic, an accura-cy of I t'1

in velocity and 500 ft at sea level i4r. --iuo an b~e ret.

B.1 Laser Airspeed Sensor Signal Analysis

The sigrnal from the laser airsree,. senso.r cosst f

oha,:nrel7s: one from a reference 2C co~ mteair 0 so

the aircraft. W1e shall call hsetere-re- r m s-a

channels. As the 'Laser is scanned in freo-uer., oc tre S i nal

in the detector varies. At low a1 t-ud--es, the c:~

-orenztian (damped oscillator), whisoa ecraedb h

oressure broadenlnz. A~t ni.7h al.-oe ,rh:er- t-he r~c eIs

determnined by Dpler motion, tnhe colis3aLussiar.- ;At
intrmeiat atitds th ne:e steon'olutlo. Cf t he

two (Voigzht proflle). '%7ha- i-S -lesirei hee s a means of

measuring "he shift and wldt h of herocson the two

channels, whichis quic;< to or'-D"" !Ie ' tan 100 msec), is

insns~iveto te exact Vein *:'ne lne poie and nhances

the sig nal'-to:-noIse rat>-. >arilos, es--cracY).

The form of sIt-nal rr~ol~ sr~ih~eIs t;hou,7rt

meet these ctei. Th. Fri. ii rmu- th crs-

correiatIo n fc~I: ewe Y . hoth
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first and second moments of this function. The firs- mCment
related to the Doppler shift and the second moment t: the line

width.

Let us describe the reference channel by its phot curr-nt

R  R ! (f-fo~la R )

and the signal photocurrent by

i= Is(f-f0-fD,' S )

where fD is the Doppler shift. Now, the laser scans the frequency

as a linear function of time. Therefore, we can substi:ute

time (t) for frequency (f). The laser scan lasts for a time T

ard is digitized into N samples. The sample rate Is X'NT = l/T.

he 2. samples are stored in two memories. -he two memories

are multiplied and added together to give the first value of

the cross-correlation function. One is then shifted by one

sample period (T) and again they are multiplied and added. This

is repeated for all values of T from -T to +T. This process

of computation is lengthy but is often employed in signal pro-

cessing. Accordingly, a very high-speed integrated circuit

has been developed by TRW for this purpose. Each multiplicatlon

and addition takes only 70 nsec. However, we require a total

of 2H 2 operations. For 11 = 128, this would take a little over

msec to perform, which is very rapid indeed.

This normalized cross-correlation function is

j I~(t- R) a it -t0 -tD+g ) dt
0

7 R(t-to,a )  Ts(t- t- ,a-) it

0
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if we substitute T' = T - tD, we see t . .. .

correlati'. of o and I R without any Docrier shft, and then

shifted by the Doppler shift. Let us then calculate the first

moment of CRS ,

f HS ,r-t D) d24' -= _ _ _ _ __ _ _ _ _

- CRS(TtD) d-r

I - CIs(T-tD d(-tD)/ Id T]

Now, if the ,os-correzatlon function is symmetric about D

the first term 13 zerc and the second is equal to the time delay.

Thus, 2' t,

:he second moment,

T2
-C(T-tD)dCRS

- CRS T-t ) d
- z ' T - -dT

5._tS,  c ) Tt'

C2

The -',rst ... term is the second moment of the unshi'teu= 2 rofile,

which we call a2, and the second term s zer :fr crcs:s-

*:orrtoion function symmetric about tD Thus 2 =- + .

D*
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B.2 Noise Calculation

Let us su cose that the signals from the reference too

signal sensors have a noise power of r.2 The noise of the

channels is thermal in origin an_ therefore is u rated.

However, because of the finite bandwidth of the noise, itce

have some correlation in time. Let or call toe value of

noise autocorrelation 3(t) = '(-T) at a time ieav r. rrther,

we shall presume that the noise bandwidth is suffirient tbha

3(T) is small and G(2T) can be ignored.

When we compute the correlation function cf the signal,

we have N statistical independent multiclicaticns of the ncise

and 2N multiplications with a correiaicn of G(T). The re Sut

is a noise contribution of n2 [I+?(T)]j. his compares

the cross-correlation function of I I , where the cver.ar

denotes the time average. Thus, the normalized value of the

noise is

L2[I+2g(T)]

The first moment of this is

n 2T[I+2G( )I

2111 RI

: n2 [+2G(T)]/2Jii

This is the average noise-to-signal ratio of the inouts times

the sample time, times Ll+23(T)] and divided by two. -miar!.',

the second moment of the noise is

- r -. - .,.- _ -, - . . . _ ' . " - . . . . , , , . . .,
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2. r + 2

= n:Ttrl+2,] (T ]/2L

Let us take a t/p i a value for he s 1na -- nc-'s :wes

ratio of 2'0 d and ,1 123 samcies, oer sca:.. Ihe..

i ,: .mer.t n-ise C .',C T

Second moment noise 0.E ' 2

7This assumes G(T) is small.] Thus, the errcr In -he firS

moment fs very small, tut it "s much 1arfer

owiever, if the e, w idt h of the crcss-ccrrea - fn , .-tt- -

t.e error is still only 0. %.

The error reduces as :, the number of sa-ttles, increa'ses.

However, if this is done by samoling faster, eventually 31(T"

e c:.es snifIcant until no further benefit *s obtained. c,

3(T)= exc(-2fn ')

vh f = ? d3 down frequency for the noise. Thus, fr a
a -nus In -ractice

sam-n1o freauency equal to fn' T 0 .0. h

11T) will only increase the error b.i about 0.363, which is not
s ic-_ n I' 'cant.

B.3 Potential Problems with the Signal Processing

3.. r, M , r za. -If the reference and si-:nal

channels have the n enven t t i '.
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wve h1a ve Se e n a h crosor*a z. ru

a.3 :'ne a uz:,cor-relation :'.o:n, Lt fn~a -~ave
r rrn. cYaw;, any,. a ut ocr r at:: nto a r e a sna

sv.-me :ri'c al' s1nc e t he r. P a tive tine ea y iste s am-e as ~on

ove r th ,e s -na c, w-viC' are s Setcl f:n -,eso

cn-a- n ea 1ar e w nc nhe z a,- ens -:sfa. ohnrmenon, tie Sf.ona 7

snould be - -mjlar and croduce- a sym,,met;rical- cor-relatio. fnccnn

- i-- i-s not the case, thern an error could bce int rcuced.

L ra 3 a S e nh -r cce, :;he sional of i-'nter --s

na n a baseline that o an no useful c-oma _ _ on.

71, Sbas e 1ne uhouldtbe the s ame c iot -cannel 1s nrd c c,:r--.-*n 2"av

i c:; contrabute to the first, moment's o f t he a ut oco r r e 1atof--n

cZc:f-. 'However, it does -contIribu'-te t-o -he seco:nd momnent, anad
e ere muist c be r emocv ed . Zin o e ft s v ar yi no s -- !,-- 5, a rre

t. - s i,;iali carn be remove-da several v*as:

-. igh cass analog filter

x.Direct computation.

liferntaaonof si~onal 'ana5zlog o7:r dioi-al

5.3~a >tor t-,on. Er-ors w l, aris e i fn_

sensor sicgnal is distorted, for example, b y 1uis-*nE.a 1e

-a ndw, i -t' d h - owever, these errors need not. be larca-e T

jis-tortion is thasme on both channels, i.e. , tn1-e two ine

orflsare the same. T h is 't1e ens t he c r cs - co--r -e a ta n:

symm7,et-,rIc--al1. 'deal!-, the two d4et ectors should tem: atcneo

tn.e samme urc:er and low,,er -utoff frec-,enoiecs. ovent

-3 nezstca-_ , importlant since that. uni7 affects tI-.

a solute l ee1 o f th e s a an d do-e s nt o, .t ro-n u Ce a ny. 'r 1a
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6.4 Overall Signal Processing Accuracy

-,~ ~~ ~ a;~s n.zr d~r'-~~ e4 ~ s nQ a

Zens~r nois o're. hs e dwt ezj-

tnr50i the badw-.Idth of' sor.l -i.'iahr

scan st ote laser iso--- 1 e-uo.3 Twos aan sae owr e Z

dr s tn les of'h e sra at hifz:er al odes, s nhr C''he1.1

a n - su os,- r~arwr Thi rene bot 4he sao tomer sa:

en~ nube bf snle :-, bullaesth anrefroenyonw

at e'T r,-Thu -msIe sus th e a oa h e r 7:t z i c e r
-ne co ho' the stetru.s rehuen, wehvea aeac i-

nooseut -, f~ about 10-- uB leavtha the tak sizre-oo-nnwr.

rati'o. Thus, if' we have a ceakc signE-otcnci*se aioo'

wqe -gill have an averag-e signa-to*-noise rati.--o f'?1.Th

error in the velocity mneasurement 4S C. 1z 0 ::= .0N:

or about 1 ,cer sec. Th e error -in the "linew, idzh '"' -

IS the number o-)f' sam le s 1.sed <

- IL, te err 0 Ihi or CI '1--
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-7 an _=.0e_-1ainny. :f III fn. T' .. .. i z t .. . '
-f i ( L :. 

°
'- ... - - -e- -,.... ... -

B.5 Implementation of Signal Processing

T7hz sif zna 1 <roc s <sifn=. n .cu w z a d i :: = - -1 -.i : ., se.i n z

. Hard-ire d :.zic:co ccmpute :ne :crr t  
-

2. Frc ..ram.ed microprocessor t: compute tle first n:.i

s e 2 n moment s :2 f. : ec-r atn -

no -t'ue airsceed and adnd

rcni*:.:r. and cairzf:n

The czrrelation futrio n is ccmjused t ea;_as

32,72 mu~flca ns and addizico ha-.e nc be:e-fr:red ana

these ;,:-d take toc !- no ih a eT-:,,
ISC -": o x - bi u.. . " '_1 7erf orm an in11ctlnan d h

result into a 1? bit accumulator in a -time - 7 nse,

.,ith a maximum time between - a--.d 7 f n 2- h

al he mu:irQ!icarions can be perorm -n a ma:,inmum :f

soc. The compuzanion of the first and second moments f m-

..... lti-on function only require 256 nultir'ican-os ana

addi ns each and can be done n a more leisurely pace.

The schemati2 for the correlation function computer is

showy: in Fig . it consists of a pair of I bit analsz-tc-

digital converters, which sample the two photo-detecor. e

shall call these inputs X and Y, although whicn is which i

unimportant. There are three serial in/serial out- shif
rezoiser memories; an - x 25E bit X an q it

x 25- bit OUT register. The data in one ad

are multi, lied and accUmulae t- a. ..
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a,.' ae r ;;"" oo sc r-' ci b s c e.i~ s' s c -r- ... I r,- a-se

ue r an - r--" T. ers.

i:. i~r''_rmifr - he crn:us t ~ , i s 3 , -£ " .Jri _.

G of he r eret a. d set a -

tO oroduce :he delay tween the a an . reozssers.

r-eI-,s:er, is a reioner3 Adrl:.:e r

:;n e '-" _rezister seiec-s dat. =_

or the outono of the Yrerister.

in each clcck culse, the f-rst ohase shifts i-

on~e bit and on toe second -hase, the las-,tod

reostes ar... multizlied and st:red _ h_ e 7 2 -

1 clock pulses, the Y re-isoer is back tc ' -''.=- -

ition. -he accumulator result I's then Snifted to the 777

re:-ster and the X recister is shifted one zit hni the whine

-rocess is repeated aain. The accumulato- - eT C

nas al bit capacity, and we shall only use the 16 mos-

s '' 4- ant_.-- a its. de shall suppose aIso that the ga In c f e

A/S converters is such that t he acc umuIacr dces noct overfiw.

This crocess Is repeated 25 times until all the data n4:e

gone through the X register. The OUT register is then fula.

The first and second moments of the data in the OT re -ister

are t-hen comcuted and other calcula-iors erfcrmed. The
results are then transferred to the air ata comruoe-, and ,'
wol7e orccess i2 repeated.
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'The whcle procedure for c oG:utinz t:':e o:rrel a-In f

ta:es s4. msec. aowever, half the mu7u1 ca, aons a r

therefore a more sophisticated ccntrolier mioht sneea ur toe

computation further. However, 4. 1 msec may well be quite foot

enoudh.

A high-speed correlator to comute the fnmction for 7 _,

bit words in 4.1 msec can be constructed with the current

state-of-the-art integrated circuits, using o a Li ..u lt4'ie/

accumulator and 7K bits of registers. The whole orocessor ;an

be mounted on one card and is comnact enouoh for airborne

apclications.




